Culture medium pH was found to affect strongly the chain length of Lactobacillus bulgaricus NLS-4 cells. The organism was cultured continuously in glucoselimited complex medium of different pH's with constant agitation at 250 rpm under anaerobic headspace. The cell chains increased their lengths with an increase in pH and yielded clumps of folded filaments at pH above 8.0. Involvement of an autolytic enzyme(s) in the separation of L. bulgaricus cells was confirmed, and the poor synthesis of this enzyme(s) under alkaline culture conditions could explain the pH-related filamentous growth of this organism.
Culture medium pH was found to affect strongly the chain length of Lactobacillus bulgaricus NLS-4 cells. The organism was cultured continuously in glucoselimited complex medium of different pH's with constant agitation at 250 rpm under anaerobic headspace. The cell chains increased their lengths with an increase in pH and yielded clumps of folded filaments at pH above 8 .0. Involvement of an autolytic enzyme(s) in the separation of L. bulgaricus cells was confirmed, and the poor synthesis of this enzyme(s) under alkaline culture conditions could explain the pH-related filamentous growth of this organism.
It has been frequently observed that certain bacteria grow as long forms with a tendency to elongate into filaments. Fan (5, 6 ) isolated a cell wall-bound enzynme(s), autolysin(s), from Bacillus subtilis and confirmed that the enzyme was responsible for unlinking cells from long chains. Involvement of enzymes in the autolysis of cell wall components, thus preventing filamentous growth, has been studied by many other workers (3, 8, (12) (13) (14) ; it may be suspected that any culture conditions which have some influence on the synthesis or activity of these enzymes may consequently extend their effects to the mode of cell arrangement for these organisms. However, no systematic study of the relationship between culture conditions and the filamentous growth of bacteria has been reported yet. The purpose of our experiments was to determine whether the pH of culture medium could regulate the chain lengths in Lactobacillus bulgaricus NLS- MnSO4-4H20, 2% NaCl, and 0.2% FeSO4.7H20. Glucose was sterilized separately and added to give a final concentration of 10 mM. All ingredients except inorganic salts were obtained from Difco Laboratories, Detroit, Mich.
Continuous culture. A New Brunswick BioFlo C30 chemostat (New Brunswick Scientific Co., New Brunswick, N.J.) with a working volume of 360 ml was used. The culture was initiated batchwise by inoculation with 5 ml of an overnight culture. When the growth reached the end of the log phase, a continuous feeding of fresh medium to the culture was started and adjusted to give a constant dilution rate of 0.23 h-' throughout the experiment. The pH level in the culture solution was controlled automatically with the addition of 1 N KOH and 1 N H2SO4 (pH 4.0 to 8.5) by an automatic pH controller (model pH-40, New Brunswick Scientific Co.). Each pH shift required the working volume of the flow of medium to turn over at least three times to reach a steady state at which samplings were made for analyses. Other conditions for the continuous culture were fixed as follows: agitation at 250 rpm, temperature at 38°C, and dissolved oxygen concentrations at zero. The anaerobic condition was maintained by passing a stream of pure nitrogen through the headspace of the culture vessel. To assure the anaerobic condition, the dissolved oxygen level in the culture solution was periodically checked with a dissolved oxygen analyzer (model DO-50, New Brunswick Scientific Co. the pH exceeded 8.5, regardless of a reduction of the dilution rate from 0.23 to 0.03 h-. The elongation of filaments in accord with the rise of environmental pH is more clearly shown in Fig.  2 . No matter how long the filament extended, the unit cell length of 4 to 5 um remained unchanged. When the long-chained cells were returned to the lower pH medium, the chain length was reduced again, and no sign of genetic change could be detected.
Involvement of enzymes in chain-length determination. Previous reports (3, 5, 6, 8, 13, 14) show that some enzymes attached to the cell walls of certain bacteria are responsible for the separation of cells. This possibility in L. bulgaricus was examined. The cells grown at pH 7.5 with an average chain length of 100 ,um were treated with fresh cell wall extracts prepared from short-chained cells grown at pH 5.5. The reactions proceeded in buffer solutions ofvarious pH's. As shown in Fig. 3 , the fresh extracts dechained the cells effectively, with the optimum pH at 6.0. The dechaining activity was completely destroyed by boiling the cell wall extracts for 30 min, suggesting typical enzymatic character. It is of interest to note that these extracts still showed considerable activity at pH's above 8.0 (Fig. 3) , whereas only longchained cell clumps were formed when the cells were grown under such pH environments (Table  1 ). This fact suggests that the formation of long chains of cells under alkaline conditions is mainly due to the difficulty in the synthesis of the enzyme rather than to its function. This assumption was supported by experimental results shown in Table 2 . The cell wall extracts from cells grown under various pH conditions reacted under three different pH conditions. As can be seen, the extracts of cells grown at pH's above 8 The continuous culture experiments presented in this paper indicate close relationships between a medium pH and the chain length of L. bulgaricus cells. Single or paired cells were observed only when the medium pH was as low as 4.5, regardless of the growth rate. Dilution rates, which are equivalent to specific growth rates at the steady state, did not affect the chain length (data not shown). This finding contradicts the widely accepted belief that in this species cells occur singly or in pairs when grown vigorously (11) . The tendency of a filamentous growth under alkaline conditions was quite apparent. The reduction in chain length by mechanical agitation, which has been reasonably expected (9), did not occur in this case. We tried increased agitation rates without success (data not shown); instead of chain-length reduction, the long threads of cells were curled, folded, and rolled into tiny balls ( Fig. 2A) . Development of visible-sized balls, followed by washout, were occassionally observed under strong alkaline conditions.
Involvement of autolytic enzymes in the separation of Pneumococcus (12) Streptococcus (3, 8) , Staphylococcus (1), and Bacillus (5, 6, 13, 14) cells has been suggested. The present results indicate that autolytic activity is needed to dechain L. bu4garicus cells and that environmental pH determines the chain length of this organism by affecting the autolytic enzyme(s). The optimum pH for the dechaining activity of the enzyme(s) was 6.0 (Fig. 3) . However, when the organism was grown under constant pH, the shortest chains appeared at a pH of -4.5 (Table  1) . Apparently, the mode of pH effect on the synthesis and the activity of the enzyme(s) was different. This type of difference also has been observed in our laboratory with the lactate dehydrogenase of the same organism; optimum pH for activity was 6.5 and for synthesis was between 5.0 and 6.5 (10) . The synthesis of the autolytic enzyme(s) was completely suppressed at pH's above 8.0 (Table 2) , whereas the alkaline conditions did not inhibit the dechaining activity completely (Fig. 3) . Therefore, it may be safely concluded that the filamentous growth of L.
bulgaricus NLS-4 under alkaline conditions is due to a failure in the synthesis of the enzyme(s) needed to dechain the cells.
